In this paper, high images quality switchable two-dimensional (2-D)/3-D display is achieved by carefully matching the high-resolution liquid crystal display (LCD) pixel structure and liquid crystal graded index (GRIN) lens. A parallelogram LCD pixel structure is proposed, in which the edges of each sub-pixels are slanted. At the top of the LCD pixels, the liquid crystal GRIN lens is also tilted to reduce the moiré effect and the tilt angle is carefully aligned with the edges of subpixels of LCD. This accurate alignment is useful to eliminate the crosstalk and improves the imaging quality of 3-D display. The 2-D/3-D switchable display is realized by tuning the liquid crystal in the GRIN lens. Based on this, a 3-D display based on 32-inch 8K4K resolution LCD display and Liquid crystal GRIN lens was designed.
Introduction
Lenticular lens are generally used in 3D displays to convert the spatial resolution to the angular resolution [1] , [2] . In order to balance the loss of horizontal resolution and vertical resolution, a slanted lenticular lens is normally used [3] . However, the slanted lenticular lens unit cannot accurately cover the sub-pixel edges. So that sub-pixels located at the junction of the lens unit are assigned to more than one lens unit, then the light emitted by the sub-pixels at the junction enters two view zones, which causing the crosstalk of the viewpoints [4] , [5] . Crosstalk is the primary factor determining the image quality of autostereoscopic displays, which causes the stereoscopic images difficult to fuse and lack fidelity [6] , [7] .
Several methods have been proposed to reduce the crosstalk of 3D display. The crosstalk can be reduced by optimizing the position between the sub-pixels and the lens [11] - [14] . Sohn H et al. proposed a crosstalk reduction method that combines disparity adjustment and crosstalk cancellation [8] . Lee B et al. designed a micro lens array film and propose a mapping algorithm for the system to reduce crosstalk to 8.3% in portrait mode and 9.2% in landscape mode [9] . Yu X et al. designed two parallax interleaved barriers to modulate pixels in vertical and horizontal directions and realized uniform resolution and low crosstalk [10] . However, the image located at the junction of the lens unit still has a jagged phenomenon. Takaki et al. proposed a 3D display technology combining tilted sub-pixels and vertical lenticular lenses [15] , [16] . Almost no sub-pixels are divided at the edge of the lenticular lens unit, which reduces the crosstalk of the corresponding sub-pixels. Lu J G et al. proposed a Fresnel lens with suitable refractive-index profile to reduce the crosstalk in the 3D displays [17] . Chen C W et al. proposed a Multi-electrode Driving Scanning Liquid Crystal Prism (MDSP) for time-sequential glasses-free display to form a 3D visual sensing with full resolution [18] .
In this paper, a parallelogram structure of pixels is proposed to form a tilted subpixel matrix, and a tilted liquid crystal GRIN lens is designed on top of the liquid crystal display (LCD). The 3D display proposed in this paper has the following advantages: (1) balance the resolution degradation of the 3D image in the horizontal direction and the vertical direction; (2) eliminate the jagged adverse effect caused by the edge of the lenticular lens over the sub-pixel segmentation; (3) eliminate the interference of sub-pixels at the edge of a single lenticular lens to adjacent viewpoint images, thereby achieving crosstalk-free 3D display.
The Design of 3D Display

The Overall Design of the System
The basic structure of the 3D display proposed in this paper is shown in Fig. 1 . As shown in the Figure, the sub-pixels on the LCD screen have parallelogram structures, in which the horizontal black matrix (BM) is horizontally oriented, and the longitudinal color resist lamination (CRL) is offset from the vertical line with angle α, the RGB sub-pixels are arranged along the longitudinal CRL line. CRL of BR/RG/GB with overlap width w can filter out most of the light from the backlight.
For the liquid crystal Liquid crystal GRIN lens, the pitch of the lens unit (the pitch of the center lines of L1 and L2) is an integral multiple of the subpixel pitch. The boundary line of the connected lens unit is parallel to the longitudinal direction of CRL. The CF glass of LCD is designed with convex embedded marks by BM layer and the electrode glass of liquid crystal GRIN lens is designed with concave embedded marks by metal layer which is used as lead-out wiring. When LCD and GRIN are bonded, the deviation precision within ±3 um can be achieved with concave Marks and convex Marks which are shown in Fig. 2 . Ensuring that the parallelogram pixel is parallel to the lens axis and the lenticular lens unit is completely cover the pixels. The liquid crystal Liquid crystal GRIN lens has uniform cell thickness and the homogeneous alignment mode is used.
The working principle of the 2D/3D switchable display system is shown in Fig. 2 . When the upper and lower ITO electrodes of the Liquid crystal GRIN lens are not energized, the system is a 2D state. By applying the driving voltage, the polarized light emitted from the pixels is refracted by the Liquid crystal GRIN lens. When the light of sub-pixels is focused via different angle, the parallax images are separated and transmitted to the corresponding left and right eyes to form 3D vision. In Fig. 2 , Q is the unit pitch of the Liquid crystal GRIN lens, P is the sub-pixel pitch of the LCD display, 2e is the distance of left and right eyes (about 65 mm), G is the distance between the LCD liquid crystal layer and the Liquid crystal GRIN lens, D is the optimal viewing distance of the viewer from the liquid crystal lens. Since the thickness of the glass substrate of the Liquid crystal GRIN lens is much smaller than the viewing distance, the influence of the refractive index n g of the glass can be ignored. Moreover, the refractive index of air is 1, and D is several orders of magnitude larger than G, and the following relationship can be established:
(1)
The Design of Parallelogram Pixel
We propose two parallelogram subpixel structures with oblique data line and vertical data line, respectively. As shown in Fig. 3 , the oblique data lines are designed in parallel with the pixel electrodes, and the distribution lengths on the display screen are different, resulting in inconsistent impedances. In addition, the data line input terminal of the left column pixels is on the left side of the panel, while the input terminal of most other data lines is on the upper side of the panel. For the vertical data line structure, the data line runs under the pixel electrode, which increases parasitic capacitance, and thus increases the delay time of the data line signal and affects the accuracy of the pixel electrode voltage. As shown in Fig. 4 , in order to secure the writing ability of the pixel electrode voltage, InGaZnO (IGZO) is employed as the active layer of the pixel TFT. In order to reduce the parasitic capacitance between the pixel electrode and the data line, Cu interconnects with low impedance and narrow width are used as data lines and gate lines, and an organic insulating film (JAS) is used as a planarization layer. Therefore, in the parallelogram pixel structure, since the thickness of JAS film is increased, the capacitance formed by the pixel electrode and the data line is decreased, thus the writing ability of the pixel electrode voltage is improved.
The Design of Liquid Crystal GRIN Lens
The light passes through a Liquid crystal GRIN lens with an optical path difference Re(y) is represented by nd, where n is the refractive index anisotropy and d is the thickness of the liquid crystal layer. According to the definition of the radius y of the Liquid crystal GRIN lens unit and the optical path difference Re(y), the expression of the optical path difference Re(y) can be derived [19]- [21] :
The radius y = ftan θ, and the optical path difference Re = f (sec θ −1). According to the formula (3), after the voltage is applied, the birefringence n of the liquid crystal is parabolically distributed over the signal electrodes, which is approximately the refractive index distribution of the lens. And thus the light passes through the liquid crystal layer will be focused.
A 32-inch Liquid crystal GRIN lens is designed using a two-dimensional liquid crystal lens array driven by a planar multi-electrode. As shown in Fig. 5 , a full-surface ITO conductive layer is distributed on the upper substrate, and a set of ITO strip electrodes are distributed on the lower substrate. In order to form a parabolic refractive index gradient distribution, parameters such as voltage combination of the upper and lower ITO electrodes, liquid crystal material, and liquid crystal cell gap are optimized. In order to ensure the parabolic height of the alignment of the liquid crystal molecules in the pitch range, the gap of the liquid crystal cell is required to be as large as possible. However, increasing the gap of the liquid crystal cell causes problems such as an increase in driving voltage, difficulty in controlling uniformity of cell gap. After considering various constraints, the cell gap is determined to be 12 um. The design parameters of the lens unit electrode group include: electrode width, electrode spacing, electrode voltage, and etc. The optimal design of the electrode set is described in the following two sections, one set is with 21 electrodes and the other set is with 14 electrodes. Software Techwiz is used to simulate the spatial electric field and molecular arrangement effect of liquid crystal lens array.
As shown in Fig. 5(a) , there are 21 electrodes in this scheme, the electrode width is 6 um and the electrode spacing is 2 um. The voltage of the center electrode is set to 2 V, and the other electrodes symmetrically distributed on the left and right sides are sequentially applied with the following voltages: 2. distribution of the lens unit in the liquid crystal cell are such that the potential line of the lens central region is sparse, wherein the liquid crystal molecules maintain the initial horizontal alignment state. The equipotential line near the edge of the lens is dense, wherein, the electric field is strong and the liquid crystal molecules are completely upright. From the center to the edge potential line gradually transition from sparse to dense, the degree of tilting of the liquid crystal molecules and thus the optical path is also changed. However, in this set, our simulation shows that the equivalent optical path curve of the lens unit in the liquid crystal cell has a large deviation from the ideal lens refractive index distribution curve.
As shown in Fig. 5(b) , there are 14 electrodes in this scheme, the electrode width is 5 um, the electrode pitch is 6 um, and the intermediate pixel interval is 24 um. On the left and right sides of the lens unit, the voltages of the seven electrodes from the center to the edge are set to 3.5 V, 3.7 V, 4.4 V, 4.7 V, 4.8 V, 6 V, and 12 V, respectively. Among them, the potential distribution of the lens unit in the liquid crystal cell and the arrangement state of the liquid crystal molecules are such that the phase transition from the center to the edge gradually changes from sparse to dense, and thus the degree of tilting of the liquid crystal molecules and the optical path is also changed. The simulation shows that in this set the equivalent optical path curve of the lens unit in the liquid crystal cell is close to the ideal lens refractive index profile. In the practical application, the scheme of 14 electrodes isused.
In order to satisfy the liquid crystal equivalent refractive index profile shown by the 12 um cell gap and the simulation of the scheme of 14 electrodes, it is necessary to select a liquid crystal material with a large difference in birefringence. The liquid crystal material characteristics of the developed Liquid crystal GRIN lens are shown in Table 1 .
Crosstalk Analysis
Crosstalk Improvement Principle
The advantage of the parallelogram pixel proposed in this paper is that the crosstalk caused by the mismatch between the pixel and the lens is reduced by precisely matching the parallelogram pixels and the tilted liquid crystal lens. The pixels in the traditional 3D display adopt a rectangular structure, and each pixel includes three horizontally arranged sub-pixels, which are R, G and B, respectively, as shown in Fig. 6 . The viewpoint 2 in the yellow circle contains a plurality of sub-pixels in which the viewpoint is located, that is, the lower portion of the viewpoint 1 and the upper portion of the viewpoint 3, which inevitably causes the viewpoint 2 to have crosstalk from the viewpoint 1 and the viewpoint 3. At the same time, the blank portions of the lower left and upper right portions of the viewpoint 2 also respectively bring crosstalk to the adjacent viewpoints.
By precisely matching the parallelogram pixels and the tilted liquid crystal lens proposed in this paper, this crosstalk problem does not exist. As shown in Fig. 1 , all the brightness of view 2 comes from the pixel where view 2 is located, and the pixel does not affect other views. In Fig. 1 , the R, G, and B sub-pixels of a single viewpoint image are at the same distance from the edge of the lenticular lens. The edge line of a lenticular lens unit does not divide sub-pixels, which ensures that the edge lines of adjacent lens units can completely separate the sub-pixels corresponding to their respective lens units, thus avoiding the crosstalk of disparity images and the jagged edge of a 3D image. The crosstalk of a certain viewpoint is defined as the ratio of the luminance superimposed value leaked from other viewpoints to the viewpoint luminance value. The crosstalk quantization is defined as the 3D crosstalk of a single viewpoint is based on the result of the measured luminance value of a single viewpoint in the corresponding spatial position and the dark state luminance value of the display screen [22] . As shown in Equation 4 .
Where θ represents the spatial level observation angle, n represents the total number of viewpoints, Y j represents the luminance value of the non-observation viewpoint j at the position θ, and Y k represents the dark state luminance value of the display screen of the position θ. Y i represents the brightness value of the observation point i at the position θ. Therefore, the 3D display proposed in this paper solves the problem that the light leakage Y j (θ) of the viewpoint image at the corresponding position of the sub-pixel pair of the non-observed viewpoint image on the edge line of the lenticular lens unit is almost the dark state luminance value Y k (θ) at the position, so the crosstalk of the 3D display is effectively improved. Fig. 6 shows the brightness of each viewpoint in a traditional rectangular structure with 11 viewpoints, in which the lens array is tilted by 9.4623 degrees. At the optimal viewing position of a certain viewpoint, the viewer will receive images of other viewpoints in addition to the image of the viewpoint, and set the total brightness at the optimal viewing position of a certain viewpoint to 100%, Fig. 7 shows the luminance contribution of each viewpoint to viewpoint 6.The orange pillars in Fig. 7 corresponds to a traditional 3D display with rectangular pixel structure. The contribution of the viewpoint 6 itself to the total brightness is about 22%, the contribution of the viewpoint 5 and the viewpoint 7 are both close to 20%, and the contributions of the viewpoint 4 and the viewpoint 8 are approximately 13%. It is obvious that the brightness contributions of the viewpoints 5, 6, and 7 to the viewpoint 6 are numerically equivalent. Thus, when the viewer views the image of the viewpoint 6, the image of the viewpoint 5 and the viewpoint 7 can be clearly observed. However, for the parallelogram pixel structure used in our 3D display, as shown by the blue pillars in Fig. 7 , the influence of other viewpoints on the viewpoint 6 is far less than 5%, which is negligible. Therefore, based on the parallelogram pixel structure, the crosstalk is more effectively reduced than the traditional 3D display based on the rectangular pixel structure. 
Optimum Design of Liquid Crystal GRIN Lens
In order to reduce the crosstalk in 3D display, a 3D display device based on Liquid crystal GRIN lens is designed and optimized. However, the response time of liquid crystal molecule is increased by using large LCD cell gap. Therefore, the design of liquid crystal GRIN lens mainly uses liquid crystal materials with high refractive index. By optimizing the electrode width and LCD cell thickness, the refractive index distribution in the LCD lens presents a parabolic shape, which makes the liquid crystal GRIN lens have the optical effect of resin lens. However, the non-uniform distribution of electric field in liquid crystal GRIN lens, especially the vertical electric field on the strip electrode at the edge of the lens, produces liquid crystal molecules whose refractive index varies enormously in this region. Therefore, the liquid crystal molecules on the strip electrode at the edge of the lens will cause serious refraction of the non-observable viewpoint image on the LCD, thus increasing the crosstalk of 3D display.
In order to alleviate the crosstalk caused by liquid crystal molecules at the edge of Liquid crystal GRIN lens, BM on the strip electrode at the edge of liquid crystal GRIN lens or chromium electrode as the shading layer are used [23] , [24] . Also, the impulsive blinking backlight system is used to improve the dynamic crosstalk for 3D display with scanning prism 25]. In this paper, because the edge of the inclined liquid crystal GRIN lens covered the CRL of the parallelogram pixels, the crosstalk caused by the liquid crystal molecules at the edge of the liquid crystal GRIN lens in the main viewing area is eliminated, thus the 3D display crosstalk is reduced.
Conclusions
With the development of LCD display technology for large size, high color gamut, and especially ultra-high definition, the 3D display is provided with an excellent platform. Based on the analysis of crosstalk in 3D display technology, a Liquid crystal GRIN lens structure and a parallelogram pixel structure which can reduce crosstalk is proposed. The working principle and advantages of Liquid crystal GRIN lens and parallelogram pixel in 3D display are described in detail. By optimizing the parameters of liquid crystal material, cell thickness and electrodes in Liquid crystal GRIN lens, a 2D/3D switchable Liquid crystal GRIN lens is obtained. A 32-inch 8K4K resolution LCD display with liquid crystal GRIN lens plate system are proposed. Through the analysis, the proposed 3D display has greatly improved image quality with reduced crosstalk.
